Diabetes is a serious lifestyle-related disease that can result in a myriad of complications. 1 Exact, rapid and quantitative determinations of glucose are thus essential in the diagnosis and management of diabetes. At present, several assays have been reported for the determination of glucose, including chemiluminescence (CL), 2-7 spectrophotometry, [8] [9] [10] electrochemical methods, 11,12 fluorescence methods 13,14 and others. [15] [16] [17] A sensitive CL method was reported for the determination of 2 × 10 -8 -1 × 10 -4 mol/L glucose, and some metal ions catalyzed the luminol CL reaction. 2 A flow injection spectrophotometric method was used to detect 1 × 10 -5 -1 × 10 -3 mol/L glucose with immobilized enzyme reactors. The method was simple and convenient but exhibited only a low sensitivity. 6 A voltammetric method has a good selectivity with a linear range of 8 × 10 -7 -2 × 10 -5 mol/L glucose and a detection limit of 3.5 × 10 -7 mol/L, but the assay course was complex. 12 A precise intrinsic fluorescence method was proposed to detect 5 × 10 -4 -2 × 10 -2 mol/L glucose, with only low sensitivity. 14 RS spectral analysis is simple and sensitive, and was applied in the analysis of trace inorganic substances and organic substances 18-24 with good results. In order to improve the selectivity and the sensitivity of the RS spectral method, applications of catalytic reaction, especially enzymatic reaction are effective. Recently, a combination of the catalytic effect of metal ions and the RS technique was utilized for analysis of some inorganic substances. 25 Based on the catalytic reaction of enzymes, an enzyme catalytic-RS assay for lysozyme activity was proposed. 26 Coupling the enzyme catalytic reaction of HRP with the association and aggregation reactions, an enzyme catalytic-RS assay for HRP activity was reported. 27 Up to date, however there is no report about RS assay for glucose, or about double enzyme catalytic-RS assay. In this work, the glucose-GOD-HRP-CS-KI catalytic system was studied by RS technique. A new double enzymatic catalytic-RS bioassay is proposed for determination of trace glucose in human serum, with high sensitivity, good selectivity and simplicity. Furthermore, the substrate was easy to obtain and was nontoxic.
Diabetes is a serious lifestyle-related disease that can result in a myriad of complications. 1 Exact, rapid and quantitative determinations of glucose are thus essential in the diagnosis and management of diabetes. At present, several assays have been reported for the determination of glucose, including chemiluminescence (CL), [2] [3] [4] [5] [6] [7] spectrophotometry, [8] [9] [10] electrochemical methods, 11, 12 fluorescence methods 13, 14 and others. [15] [16] [17] A sensitive CL method was reported for the determination of 2 × 10 -8 -1 × 10 -4 mol/L glucose, and some metal ions catalyzed the luminol CL reaction. 2 A flow injection spectrophotometric method was used to detect 1 × 10 -5 -1 × 10 -3 mol/L glucose with immobilized enzyme reactors. The method was simple and convenient but exhibited only a low sensitivity. 6 A voltammetric method has a good selectivity with a linear range of 8 × 10 -7 -2 × 10 -5 mol/L glucose and a detection limit of 3.5 × 10 -7 mol/L, but the assay course was complex. 12 A precise intrinsic fluorescence method was proposed to detect 5 × 10 -4 -2 × 10 -2 mol/L glucose, with only low sensitivity. 14 RS spectral analysis is simple and sensitive, and was applied in the analysis of trace inorganic substances and organic substances [18] [19] [20] [21] [22] [23] [24] with good results. In order to improve the selectivity and the sensitivity of the RS spectral method, applications of catalytic reaction, especially enzymatic reaction are effective. Recently, a combination of the catalytic effect of metal ions and the RS technique was utilized for analysis of some inorganic substances. 25 Based on the catalytic reaction of enzymes, an enzyme catalytic-RS assay for lysozyme activity was proposed. 26 Coupling the enzyme catalytic reaction of HRP with the association and aggregation reactions, an enzyme catalytic-RS assay for HRP activity was reported. 27 Up to date, however there is no report about RS assay for glucose, or about double enzyme catalytic-RS assay. In this work, the glucose-GOD-HRP-CS-KI catalytic system was studied by RS technique. A new double enzymatic catalytic-RS bioassay is proposed for determination of trace glucose in human serum, with high sensitivity, good selectivity and simplicity. Furthermore, the substrate was easy to obtain and was nontoxic.
experimental

Reagents and apparatus
A model of a Cary Eclipse fluorescence spectrophotometer (Varian Company, Palo Alto, CA) was used to record the RS spectra by means of synchronous scanning excited wavelength λex and emission wavelength λem (λex -λem = Δλ = 0) and the RS intensity. A TU-1901 double beams UV-visible spectrophotometer (Beijing Purkinje General Instrument Ltd. Co., China), and a Model of a NaNo-ZS90 nano-sized and zeta potential analyzer (Malvem, GB) were used.
A 0.50 mg/mL sample of horseradish peroxidase (HRP) was prepared by dissolving 5.0 mg of HRP (300 U/mg, Huamei Biological Engineering Co., China) in 10 mL of double-distilled water. The mixture was stored at 4 C in a refrigerator; a 2.0 × 10 -7 g/mL HRP solution was prepared daily by diluting the HRP store solution. A 5.0 × 10 -5 mol/L glucose solution was prepared by diluting a 5.0 × 10 -3 mol/L glucose standard solution. A 1.0 mg/mL glucose oxidase (GOD), a 0.2 mol/L HAc solution and 0.2 mol/L NaAc solution were used to prepare pH 4.0 -5.5 HAc-NaAc buffer solutions, 4.0 × 10 -2 mol/L KI solutions were prepared. The tetradecyl dimethyl benzyl ammonium chloride (TDMBA), cetyl pyridinium chloride monohydrate (CPCM) and dioctadecyl dimethyl ammonium chloride (DDAC) concentrations were also 5.0 × 10 -4 mol/L. All the reagents were of analytical grade and all water was double distilled.
Procedure
A 50-μL pH 4. In acetic acid buffer solution, glucose oxidase (GOD) catalyzed the dissolved oxygen oxidation of glucose to form H2O2. In succession, horseradish peroxidase (HRP) catalyzed the H2O2 oxidizing excess I -to form I3
-. The I3 -combined with a cationic surfactant (CS) such as tetradecyl dimethyl benzyl ammonium chloride (TDMBA) to produce TDMBA-I3 association particles that exhibited the strongest resonance scattering (RS) peak at 460 nm. The enhanced RS intensity at 460 nm was linear with glucose concentration in the range of 2.0 × 10 -8 -2.0 × 10 -6 mol/L, with a detection limit of 8.5 × 10 -9 mol/L. The glucose in serum samples were assayed by the enzyme catalytic RS assay and by spectrophotometry. The results of both assays showed a close correlation. This assay has simplicity, sensitivity and good specificity for quantitative determination of glucose. mol/L KI solution, a 5-μL 1.0 mg/mL of GOD, a 160-μL 2.0 × 10 -7 g/mL HRP, and a certain volume of glucose were pipetted into a 5-mL graduated test-tube successively, then the contents were mixed well and incubated for 60 min at 30 C. Then 175 μL 5.0 × 10 -4 mol/L TDMBA was added and mixed. The mixed solution was diluted to a final volume of 2.5 mL with water and mixed thoroughly. After a suitable amount of the solution was transferred into a quartz cell, the RS spectrum (RSS) of the system was recorded. The RS intensity (IRS) at their strongest RS wavelengths was measured. The blank (Ib) without glucose was also recorded. A value of ΔIRS = IRS -Ib was obtained.
Results and Discussion
Principle
In acetic acid buffer solution, GOD strongly catalyzed the dissolved oxygen oxidation of glucose to form H2O2 and gluconic acid. In succession, HRP catalyzed the H2O2 oxidizing excess I -to form I3 -. Compared with I -, the I3 -has bigger size and stronger hydrophobicity, it therefore combined with CS materials such as TDMBA to produce association molecules TDMBA-I3.
Under the action of molecular force and hydrophobic force, the association molecules aggregate into (TDMBA-I3)n association particles. Laser scattering indicates that the average diameter of (TDMBA-I3)n association particles was about 340 nm (Figs. 1A, 1B) . That exhibited the strongest RS peak at 460 nm. The RS intensity increased as the concentration of glucose increased. Thus, a new catalytic-RS method was proposed to measure glucose. The main reactions are as follows:
RS spectra
The system of KI-HRP-GOD-TDMBA showed very weak scattering signals (Fig. 2a) . Upon the addition of glucose, the scattering peak at 460 nm enhanced. The CPCM and DDAC catalytic systems exhibited the strongest scattering peaks at 540 and 430 nm, respectively. The studies of inorganic nanoparticles in liquid phase have indicated that three factors: the light source of the apparatus, the absorption of free molecules in the system, and the RS effect of particles, caused synchronous scattering peaks. The apparatus exhibited the strongest sharp emission at 465 nm; the absorption of free molecule such as those CS and KI can be neglected at 300 -600 nm. If there are associated particles, the scattering peak did not appear. Furthermore, the scattering peak at 460 nm was a wide one. Thus, those scattering peaks at 460 nm for the TDMBA system, at 540 nm for the CPCM system and at 430 nm for the DDAC system were their RS peaks. In the present work, wavelengths of 460, 540 and 430 nm were chosen for the TDMBA, CPCM and DDAC catalytic systems, respectively.
Effect of pH
The effects of pH value on the ΔIRS of the TDMBA, DDAC and CPCM systems were considered in the range of pH 4.0 -5.5, respectively. When the pH is 4.8, the TDMBA and DDAC systems have the maximal ΔIRS. Thus, a pH of 4.8 was chosen for the TDMBA and DDAC systems. A pH of 4.4, giving maximal ΔIRS for the CPCM system, was selected for use. The influence of buffer solution volume on the ΔIRS was tested. When the buffer volume was 0.05, 0.15 or 0.05 mL for the TDMBA, CPCM or DDAC systems, namely, when the acetate concentration was 4, 12, or 4 mmol/L, the maximal ΔIRS was chosen.
Effect of enzyme concentration
In this assay, both HRP and GOD participate as catalysts in the association reaction. According to the reaction principle, the addition order of the two enzymes was examined. After GOD catalytic reaction had continued for a time, the HRP was added. A low sensitivity was obtained for glucose. However, when the HRP and GOD solution were added simultaneously, a higher sensitivity was obtained. Thus, the simultaneous addition of the two catalysts was chosen for use. 14.4 ng/mL was selected for the TDMBA, CPCM or DDAC systems, respectively.
Effects of KI and CS concentrations
The effect of KI concentration on the ΔIRS was examined. Results showed that the ΔIRS increased with KI concentration from 0 to 2. 
Effects of reaction temperature and time
Results showed that the TDMBA and DDAC catalytic systems had maximal ΔIRS at 30 C. The CPCM system had maximal ΔIRS at 20 C. Thereafter, the enzyme activity decreased as the temperature rose. Thus, 30 C was chosen for the TDMBA and DDAC systems and 20 C was chosen for the CPCM system. As seen in Fig. 4 , the reaction completed within 45 min for the TDMBA and DDAC systems, after that time, the ΔIRS increased slowly. The ΔIRS for CPCM increased slowly after 10 min. In order to obtain high sensitivity, a reaction time of 60 min was chosen for the three systems.
Effects of coexisting substances
According to the procedure, the influence of coexisting substances on the determination of 1.6 × 10 -6 mol/L glucose was examined, with a relative error of ±10 . The tolerated limits (the ratio between coexisting substance and glucose concentrations) for coexisting substances are listed in Table 1 . Concentrations of higher than 1.6 × 10 -5 mol/L ascorbic acid caused the negative interference, owing to its reduction of I3 -. The results showed that this method has good selectivity.
Standard curve
Under the conditions selected, the standard curve was drawn according to the relationship between glucose concentration (c) and the corresponding ΔIRS according to the procedure. The analytical features such as regression equation, linear range of the assay and the detection limit (3σ) for the three systems are listed in Table 2 . Because the TDMBA system is the most sensitive and stable, it was chosen for the determination of glucose. Comparing with the methods reported (Table 3) , [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] this RS bioassay for glucose had higher sensitivity, and the substrate was easily obtained.
Analysis of samples
Twenty serum samples of healthy men were collected from the No. 5 Hospital of Guilin, the samples were diluted 100 times with water. A 50-μL aliquot of the diluted samples was used to determine the content of glucose according to the procedure. Meanwhile, the samples were also assayed by the GOD-4-aminoantipyrine spectrophotometric (GAS) method.
The comparison (Fig. 5 ) of the two assay results revealed a slope, correlation coefficient and intercept of 0.9718, 0.9915 and 0.1565 mmol/L, respectively. As the data show, the two methods were highly correlated (r = 0.9915, n = 20), demonstrating the potential usefulness of the enzyme catalytic RS method for glucose detection.
Conclusion
A novel resonance scattering spectral assay has been proposed for the determination of glucose, using resonance scattering spectroscopy to monitor (CS-I3)n particles and coupling the strong catalytic effects of both HRP and GOD. The new resonance scattering spectral assay was applied to the determination of 2.0 × 10 -8 -2.0 × 10 -6 mol/L glucose in human serum samples with satisfactory results. 
